Wind power has recently become quite popular among power generation companies all over the world. In the year 2003 alone 8,133 MW of new installations have been built up.
Introduction
Although wind power has recently become very popular, there are some critical points to consider when integrating into an existing electric power network.
One point is that wind generators are not capable of participating in the power system control process. They rather need a fossil fired power plant for backup, which rises the generation cost and therefore causes an increase in the operation cost of the conventional power plants (1) (2) . A second critical point is the power system operation and reliability in a deregulated electricity market. The spinning reserve becomes an "Ancillary Service" freely traded on an electricity market, which has influence on the reliability of the power system (3) . Even if wind generators can participate in primary control in the near future (4) , the operation of the power system will be strongly dependent on a working ancillary market (5) . It is agreed that a high amount of wind generation rises the operating cost of the conventional power plants used for backup (1) (2) (5) . This does not necessarily mean that the electricity prices also rise. To estimate what happens to the electricity market prices under high wind power generation, a simulation is needed that considers the power markets as well as the physical power system.
Aim and Assumptions
There has been a lot of effort to estimate the impact of wind power generation on the power system operation cost (5)- (7) . Smith (1) summarized, that for future work a * Kyoto University Yoshida Hon-machi, Sakyo-ku, Kyoto 606-8501 simulation with varying amount of wind generation is needed. The influence of market structure and imbalance energy pricing needs also to be investigated.
Therefore, the aim of this work is to estimate the influence of amount and uncertainty in wind generation on the market prices of the spot market and the ancillary market for different levels of wind generation capacity. A simulation of the electricity markets with varying amount of wind generation capacity is done, also for high penetration levels.
We will have following assumptions for the simulation:
• Wind generation capacity is successively added to a constant set of conventional power plants. A possible replacement of power plants is calculated by a unit commitment optimization.
• Demand on the retail market is known and is considered constant for all levels of wind power generation.
• Reserve power has to be traded on an ancillary market for imbalance management.
• Marginal cost of a wind power plant is 0.
• There are no electricity storage devices available for the market participants.
• The market is self-contained. Consumers buy exclusively on this market and generators produce exclusively for this market.
The Electricity Market
The electricity market under consideration consists of several market places, which share the market supply, as shown in Fig. 1 . Generation, Distribution, Consumption and Power System Control are handled over the markets "Spot Market", "Ancillary Market" and "Retail Market".
The Market participants
Following market participants are considered on the electricity market:
The Consumers
The consumers have a tariff based contract with a distribution company to satisfy the needs for electricity. The consumers will not change their consumption behavior upon changing spot market prices. We use an arbitrary real life demand profile to describe the consumers' demand behavior. The demand profile used is taken from the area of Austria and it is constant throughout this work.
The Distribution Companies
The distribution companies provide electricity to the consumers on the retail market and buy from the spot market. The distribution companies may also be integrated with the generation companies.
The Generation Companies
The generation companies produce electricity for the spot market and the ancillary market. Both conventional power plants and wind power plants are available for power generation.
The Transmission Companies
The operation of the power system is done by the transmission companies, but they do not possess their own generation capacity. All electric power needed for system operation has to be acquired at the ancillary market.
The Retail Market
The retail market is a tariff-based market where the consumers subscribe to a preferred electricity provider. Since the consumers' electricity price is independent of the spot market price, the one day demand profile on the retail market, which is shown in Fig. 2 , is also independent of the spot market price.
The Ancillary Market
The ancillary market is a market where electric power needed for power system operation is traded. This amount of electricity • electricity cannot be stored, • electricity must be produced at the same time when it is consumed, • the generation from the conventional power plants is decided one day in advance, • demand for the next day is not exactly known and • wind power generation is not exactly known in advance. Therefore power plants must be able to generate more electricity than scheduled after finishing the trading process of the spot market. This excess capacity is called "reserve power" or "spinning reserve".
The only purpose of the ancillary market considered in this paper is the maintenance of the balance between production and consumption. This imbalance management is done the following way (8) : The primary regulation handles frequency drops due to the imbalance between generation and consumption automatically within seconds. This results in additional electricity transmission to or from the area where the imbalance originates. The secondary regulation handles this transmission imbalance by adjusting the generation in the affected area, again automatically, but within a few minutes.
In order to free the resources used after this balancing process, it has become standard in some countries to establish a tertiary regulation or minute reserve, which is done by requesting regulation power by phonecall to a generation company registered for tertiary regulation. The electricity market deregulation has brought separate markets for these stages of power system regulation (9) (10) or at least a market for tertiary regulation (11) . These markets are organized similar to pay-as-bid auctions, where the amount of regulation power is traded for an appropriate time horizon. In case of tertiary regulation the bids are made one day ahead, the volume is decided at the time of delivery.
Since wind power output does not change that fast (1) (2) (6) , it is sufficient to consider tertiary regulation in order to check the adequacy of imbalance management.
The amount of reserve power needed for imbalance management is decided one day in advance and traded on a pay-as-bid market for tertiary regulation, which we denote in the following by "imbalance market". It is coordinated with the production schedule by the unit commitment optimization, as illustrated in Fig. 5 of Sect. 4.5.
The Spot Market
The spot market is an exchange based market for one day ahead trading. The exchanged electricity and its price is settled separately for every hour of the following day using uniform-price double-sided auctions. Since we consider the market self-contained, the demand on the spot market is the same as on the retail market. The market supply originates from the power plants available to all generation companies.
It is assumed that the spot market price results from the marginal cost, which are based on the minimum production cost of the whole power system.
The Monte Carlo Simulation
We consider the electricity market together with the participants being a nonlinear system that reacts on changing conditions like available wind power:
where vector y is the system's output, e.g. the market prices and power plant schedules, vector x is the input, F is the response function and b is a vector of parameters, e.g. the power plants' cost.
When planning the power system operation for the next day, the system operator of every company decides the plant schedules depending on the amount of wind power expected and the amount of control reserve needed for imbalance management. Based on this operation schedule, the trader tries to get the highest possible profit on the spot market by bidding at marginal cost. If we denote the vector of spot market prices with c, the power plants' production schedules v, the reserve power r and the expected windpower generationŵ, we can formulate for the resulting spot market price a nonlinear system G:
After the spot market trading has been finished, the generation companies offer their remaining capacity to the ancillary market. The ancillary market prices and the power plants' outputs are a result of the power system operation, which we again formulate as nonlinear system
with the ancillary market prices a, the power plants' outputs q and the wind power w available at time of operation. Since the amount of wind generation is uncertain at the time of spot market trading, we considerŵ being a sample of a multivariate random variable W, which is dependent on the wind generation w. The amount of reserve power r can be decided and traded one day in advance, we consider it therefore dependent on the expected wind generationŵ. A more detailed description of this dependency is provided in Sect. 4.4.
Because r is dependent onŵ, the remaining input x of the system (1) can be defined with x = (ŵ T w T ) T . As the input of the system is composed of a random variable, the output y is a random variable as well. The properties which we are especially interested in are expectation value and standard deviation of the spot market price and the market price of the imbalance market. Due to the fact that (2) and (3) include optimization procedures, we cannot analytically calculate these properties. Therefore we apply the idea of the Monte Carlo Simulation by creating samples out of a given distribution for input, which we explain in more detail in Sect. 4.3, calculate the output based on this samples and do a statistical analysis of the result to obtain the properties of interest.
Simulation Parameters
In order to simulate a complete electricity market we define the power plants that are available to the companies participating in the market. To further identify the conventional power plants they are ordered with increasing generation cost and the index i is assigned to them. The total number of conventional power plants, say I, is in this work 10.
We consider following properties of the conventional power plants: the minimum capacity p min i , the maximum capacity p max i , the generation cost per MWh g i , the start-up cost h i , minimum up-time and minimum down-time. The conventional power plants' properties are chosen, as shown in Table 1 and Table 2 , in order to reflect a realistic mix of generation facilities used in real power systems. The total generation capacity, say p tot , is the capacity of all conventional power plants:
. We further consider that some conventional power plants cannot provide electricity for the imbalance market. Therefore, power plants are assigned to specific markets as shown in Table 2 . " " marks a power plant's market participation, "×" marks power plants that cannot participate in the respective market.
Simulation Details
To estimate the influence of wind power capacity expansion, we have to achieve comparable conditions between the different expansion stages. For that purpose we choose an operating point, the energy output in a simulation time step ∆t, say A, which is different in every expansion stage and somewhat smaller than the total installed wind generation capacity in that stage, such that the statistical properties of the expected wind power generation W scale with A, W ∼ N (A, (σ A) 2 ), and leveling effects of wind power generation have the same influence in all expansion stages. σ describes an unscaled standard deviation common to all wind generation levels.
We define the level of wind power, say w, relative 
a multivariate distribution with independent components of identical distributions. For estimating the wind power influence, we calculate the spot market price and the ancillary market price for given electricity demand and different levels of wind power w and different wind forecast mean square error, say e. Due to the consideration of forecast error a separate simulation is conducted for every value of wind power w and forecast error e. We choose the levels of wind power w ∈ {3 %, . . . , 46 %} and forecast error e ∈ {8 %, 12 %, 16 %, 20 %}.
The Monte Carlo Simulation considers several scenarios, which are identified by index s. The total number of scenarios is denoted by S. The market prices for all S different scenarios are calculated and a statistical analysis is done over the resulting S prices. Figure 3 shows an outline of this simulation. The innermost loop represents the Monte Carlo Simulation.
A single Monte Carlo Simulation step for scenario s consists of five calculations (see Fig. 3 ).
( 1 ) Generate a realization of the random variables. This is the "Scenario Generation" based on w and e, which we will explain in more detail later on. ( 2 ) Calculate the demand of reserve power. ( 3 ) Calculate a power system schedule for minimum generation cost, "Unit Commitment Optimization". ( 4 ) Calculate the spot market price and ( 5 ) calculate the imbalance market price. Since trading is done for a whole day with separate auctions for every time step, we assign the index t to every time step. The total number of time steps is T and the time difference between two time steps is ∆t. In our simulations T = 24 and ∆t = 1 h.
Scenario Generation
The purpose of the scenario generation is to select a set of samplesŵ for the random variable W. We denote the elements ofŵ withŵ s t for time t in scenario s. We furthermore write .
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5)
We assume the forecast error e s t to be a sample of a normally distributed random variable E t ∼ N (0, σ t ), where σ t denotes the standard deviation of the forecast error e s t at time step t. The forecast root mean square error e t at time step t, which is
therefore equals the standard deviation σ t : e t = σ t . Furthermore, we consider the distribution of E t ∼ N (0, σ t ) independent of the time step t. The forecast root mean square error is therefore constant over time t:
We set w t constant w t = w p tot ∆t for all time steps t = 1, . . . , T to have equal conditions between the time steps t. This leads with Eq. 5 to Eq. 4. The scenario generation therefore calculates T random numbers for w s t out of the distribution N (w p tot ∆t, (e w p tot ∆t) 2 ). An example of the output of the scenario generation in comparison with demand and total conventional capacity is shown in Fig. 2 for w = 40 %, e = 20 %, p tot = 8400 MW and ∆t = 1 h, i.e. using the normal distribution N (3360 MWh, (672 MWh)
2 ).
Reserve Power Demand Estimation
To estimate the demand of reserve power, there are two cases to consider.
( 1 ) For high wind generation, e.g. w = 40 %, the reserve power demand is only dependent on the uncertainty in wind generation (6) . This uncertainty comes from the error the power system planning process does when forecasting the wind power for the next day. The probability P (r t ) of reserve power r t being greater than |ŵ
2 ) dx. As trading is done one day ahead, exact wind power generation w t is not known to the planning process and the forecastŵ s t is used instead as estimation of w t :
The reserve power r t must cover the loss of power |ŵ s t −wt ∆t |, due to the forecast error e s t . Therefore, for a certainty of 99 %, P (r t ) must be less than 0.99 and r t results in r t ≥ 2.5758 eŵ
( 2 ) In case of no wind generation,ŵ s t = 0, the necessary reserve power r t is equal to a power system dependent constant r t
In order to derive a function dependency betweenŵ 
Out of all possible functions that fulfill the requirements of Eq. 9, Eq. 10 and Eq. 11, we choose a linear function with a declining exponential part, with yet to be defined parameters a, b, c and d:
By comparing Eq. 12 with Eq. 9, Eq. 10 and Eq. 11 we get a = 0, b = 2.5758, c = P 0 and d = ) which is shown in Fig. 4 for different values of forecast mean square error e.
Unit Commitment Optimization
The optimal schedule, say p s i,t , for power plant i in scenario s at time step t, is defined one day in advance and calculated by minimizing the generation cost: Table 1 
where h i is the start-up cost of power plant i as defined in Table 1 .
During optimization following constraints are taken ( 1 ) Capacity constraints u
where d t is the electricity demand at time t and ( 3 ) reserve power
( 4 ) minimum up-time and minimum down-time. r t is dependent on the wind generation by Eq. 13. Figure 5 shows an example of the resulting optimal schedule.
Spot Market Price
It is assumed that the market price equals the marginal cost for production of an amount of d t electricity. Therefore the market price results from the generation cost of the most expensive power plant in operation at a given time t.
If j is the index of the most expensive power plant of scenario s, the marginal cost of production and therefore the spot market price c s t equals the cost of this power plant j, as shown in Fig. 6 :
The Ancillary Market Price
The price of the imbalance market is calculated after the operation period. It is dependent on the amount of electricity actually needed for the operation process.
For this purpose, the actual power plant output, say q s i,t , which is decided at time t, is calculated. q s i,t also results from a generation cost minimization with the same production cost function F i , but without startup cost, as the decision of switching on a power plant does not get revised during the operation process:
The constraints come from capacity
load balance of actual wind generation w t , plant generation q s i,t and demand d t
and the fact, that some power plants are not able to participate in power system control, as indicated with "×" in Table 2 . These k power plants have to keep their schedule p 
Statistical Analysis
After computing the market prices for all S scenarios, a statistical analysis gives a summary of all simulation results. We calculate the average spot market price c t = E(c 
Results
We calculate a simulation of a specific set of power plants, for wind power levels w in the range from 3 % to 46 %. The peak demand is about 8256 MW. Table 1 shows the characteristics of the conventional power plants used in the simulation. The corresponding merit order cost curve for these power plants is shown in Fig. 7 .
The Monte Carlo Simulation takes the forecast error into account and calculates the market price for 200 random scenarios by Mixed Integer Linear Programming for different amounts of wind generation under different conditions of forecast error. Figure 8 shows the simulation with above set of 10 power plants for 8 % forecast error. Solid lines show 1 day average prices, i.e. The market price for spot market decreases for small amounts of wind power generation because the most expensive power plants that are available for shutdown are switched off. This decrease can be observed even for a high forecast error of 20 %. For further increasing wind generation capacity the most expensive power plants are scheduled for the imbalance market or are kept running due to optimization constraints and the power plants available for shutdown are cheaper ones. Therefore, the spot market price rises until wind power can fully replace this power plant.
The ancillary market price basically decreases with rising wind power generation because cheaper power plants enter the ancillary market when they are not needed on the spot market due to high wind power generation.
In order to give a better view, we compare the daily market prices for two stages of wind power expansion in Fig. 9 . The graphs show a t , c t and the respective standard deviations over one trading day for the expansion stages of 3 % and 40 %. We can see that the main benefit of the decreasing spot market prices is during the peak load period of the power system.
Conclusion
The market price behavior upon increasing wind power is found to be non-linear. Whether the price rises or falls can impossibly be judged in advance by intuition, even by an expert of the specific power system or the electricity market. A simulation must be done for the power system under consideration.
Even if operational expenses of the conventional power plants rise with increasing wind power, which is represented by the rising demand on the ancillary market, the spot market price may even decrease for certain amounts of wind power. This gives a possibility to optimize wind capacity for a minimal spot market price.
However, the simulation is done with some simplifications. The major point is that storage power plants are not considered within the unit commitment optimization. For real power system data, this model will be extended with storage plants.
The forecast error is furthermore considered to be normally distributed and independent between any two different time steps within the trading day in the simulation. Neither is true for real forecasts. 
